Lysobacter enzymogenes C3 is a predatory strain of gram-negative gliding 43 bacteria that produces antifungal antibiotics by the polyketide synthetic pathway. 44
Protein content of the vesicles was analyzed by polyacrylamide gel 187 electrophoresis, western blotting immunoassay and by an assay for chitinase 188 activity. Gel electrophoresis showed major protein bands as documented in 189 proteinase K did not entirely eliminate chitinase activity, indicating that at least 193 some portion of the chitinase may be encapsulated inside the OMV (Table 1) . 194 10X freeze-thaw and washing of these OMV by repeated sedimentation also 195 resulted in retrieval of approximated 20% of the total OMV-associated chitinase 196 activity. These data suggest the possibility of a membrane-associated form of 197 chitinase. 198
199 OMV preparations were also tested by western blotting for the presence of pilA, 200 the major component of Lysobacter pili. No evidence for the existence of pilA 201 was found in OMV preparations, while a strong band could be seen in an equal 202 protein concentration of whole cell preparations ( Figure 3 ). These data confirm 203 that C3 OMV are truly a result of the budding of specific portions of the outer 204 membrane, and not just outer membrane fragments, which may retain pili. 205
Nucleic acids are also commonly found to be associated with OMV both 207 externally and internally (14-16, 25). DNA was detected in C3 OMV preparations 208 by standard ethanol precipitation procedures, and the presence of DNA was also 209 observed via a fluorogenic DNA-binding probe (see Material and Methods and 210 tabular portion of Figure 2 ). When intact OMV were treated with DNase I, most of 211 the DNA in the OMV preparations was inaccessible to the enzyme, indicating 212 encapsulation of most DNA in the interior of the vesicles. Although the presence 213 of a small amount of RNA cannot be ruled out, treatment of nucleic acids isolated 214 from OMV with RNase-free DNase did not yield detectable material. 215
216
In summary, a particulate fraction with a well-defined z-average diameter of 217 approximately 135 nm is obtained from C3 culture supernatants under limiting 218 nutrient conditions. The existence of membrane lipids, enhancement of 219 membrane probe fluorescence, observation of encapsulated material and other 220 components common to OMV of gram negative bacteria, strongly suggest that 221 OMV are a common product of L. enzymogenes C3. 222 from cell supernatants were used (28) . Specifically, ethyl acetate extracts of the 230 cell-free supernatants were obtained, dried and redissolved in a smaller volume 231 of ethanol and tested in yeast growth assays as described in Materials and 232 Methods. Antifungal activity was observed from late log or stationary phase C3 233 supernatants, while no activity (or OMV) was found in mid-log phase 234 supernatants (data not shown). 235
236
Cell-free supernatants were also fractionated by ultrafiltration through a 300 kDa 237 cutoff filter. This resulted in an observable film of material on the filter surface. 238
When the filter material was resuspended in an equal volume of medium as 239 compared to the filtrate and extracted with ethyl acetate as above, the antifungal 240 activity assay showed that >90% of the activity was recoverable from the surface 241 of the filter (Figure 4 ). The activity present in resuspended OMV material could 242 be further sedimented by high-speed centrifugation (140,000 x g). The washed 243 pellets containing OMV were then also analyzed for protein content and activity. 244
These data also showed that all detectable activity was associated with the OMV 245 (see below). 246
247
The nature of the antifungal activity in these OMV pellets was further 248 investigated. Figure 5 shows the dose response in terms of OMV protein 249 concentration. We found that active OMV could be isolated from MM as well as 250 10% TSB, but in MM, addition of colloidal chitin to the culture medium was 251 necessary to obtain OMV with maximal specific activity. OMV from chitin-induced cultures also showed chitinase activity. When the OMV samples were 253 heat-treated at 70 ºC for 30 minutes, all of the yeast growth-inhibitory activity 254 remained intact ( Figure 5 ) while all chitinase activity was destroyed (not shown). 255
Therefore it can be concluded that the observed antifungal activity is solely due 256 to heat-stable factors that are likely to be small molecules, at least under the 257 conditions of these experiments. Additionally, OMV were isolated from a mutant 258 strain of C3 in which the PKS/NRPS pathway is disrupted (designated HSAF -). 259
These OMV showed no antifungal activity. These data taken together strongly 260 suggested that C3 OMV package heat stable antifungal molecules, such as 261 dihydromaltophilin, and that the observed antifungal activity is solely due to these 262 molecules. antifungal activity also remained near the top of the 25% iodixanol, as did a large 274 portion of the protein ( Figure 6 ). Therefore, it would appear that the C3 antifungal activity is exclusively associated with light fractions, again consistent 276 with OMV localization. 277 278 C3 is known to exert antibiotic activity against filamentous fungi. Therefore OMV 279 preparations were also tested against a filamentous fungus, Fusarium 280 subglutinans. This species was grown on agar plates and the activities of OMV 281 preparations were tested by placing the samples in wells in the agar. As can be 282 seen by the lack of mycelia around the OMV well, Fusarium growth was also 283 inhibited by the C3 OMV ( Figure 7) . Although, the format of the assay is quite 284 different, the OMV protein concentration required to inhibit Fusarium growth was 285 generally in a range similar to the concentrations needed to inhibit yeast growth. 286 287 288
OMV-mediated delivery of antifungal compounds to yeast cells: 289 290
A corollary of OMV localization of antifungal activity is the hypothesis that there is 291 a mechanism by which OMV can deliver the relevant compounds to yeast and 292 other fungal cells. The requirements for delivery would depend critically on how 293 antifungal antibiotics are associated with the OMV. The effect of freeze-thawing 294 on the OMV activity was used as an initial crude test of localization. If activity is 295 localized in a water-soluble form in the interior of the vesicles, freeze-thawing 296 should destabilize the membranes and release the encapsulated molecules or 297 complexes. 10x freeze-thawing and washing of the OMV did not affect the ability molecules may be membrane-bound. 300
301
If activity is membrane-bound and not easily diffusible through aqueous media, 302 delivery may require close contact between OMV and host cells. A filter-based 303 activity assay was used to test this concept. Yeast cells and C3 OMV were 304 placed on opposite sides of a 100 kDa filter ("trans-filter") or the same side ("cis-305 filter"), and the ability of the yeast cells to grow was measured. Short (5.5 hr.) 306 and long (overnight) incubation times were used. At either incubation time, the 307 100 kDa filter did not allow diffusion of active molecules from OMV to reach the 308 yeast cells so as to inhibit their grow, resulting in a relatively high turbidity of the 309 trans-filter yeast culture (OD600 = 0.176±0.037; 0.228±0.0007, respectively). 310
Under the same conditions, incubation of OMV and host yeast cells on the same 311 side of the membrane strongly inhibited the growth of the cells (OD600 = 312 0.010±0.012 for 5.5 hr. incubation). These data suggest OMV activity against 313 yeast cells depends on direct contact between the OMV and cells. 314
315
To assess the potential for contact-mediated transfer of antifungal activity, OMV 316 binding to yeast cells was also studied using diIC18-labeled OMV. After 317 incubation, OMV fluorescence was found associated with pellets of washed yeast 318 cells in significant amounts (56±0.7% of total OMV fluorescence versus 7±4% in 319 the absence of the yeast cells). Binding was also assessed by observation of 320 S30 cells by fluorescence microscopy. Yeast cells, which were incubated with diIC18-labeled OMV and observed before washing, often showed a 322 concentration of vesicles around the surface of the cells (Figure 8 ). Similarly, 323
OMV labeled with an amine-reactive red fluorescent probe, also appeared to bind 324 to some yeast cells that had been washed by sedimentation, although many 325 fewer OMV remained attached to cells. (Figure 8) . 326
327
Further studies with OMV labeled with membrane-localizing probes showed data 328 consistent with transfer of these hydrophobic molecules to yeast cell membranes. 329
When OMV labeled with the probes diIC18 or diOC18 were allowed to interact 330 with the yeast cells for a period of time, and washed extensively, a dim diffuse 331 fluorescence across the whole cell was observed. As noted above, a small 332 fraction of these cells appeared to have bound, apparently intact OMV 333 associated. However, essentially all the cells displayed the diffuse fluorescence, 334
which was significantly above background as shown. It can therefore be 335
proposed that this fluorescence may represent transfer of the OMV membrane-336 localized probes to membranes or other structures within the yeast cells. One 337 interpretation of this result is that the OMV have some mechanism by which to 338 transfer molecules from their membranes through the cell wall of the yeast cells 339 and into the plasma membrane. Further investigation will be necessary to 340 establish this paradigm. 341
In an attempt to search for previously identified antifungal species, extracts were 345 partially purified by thin layer chromatography and subjected to analysis by mass 346 spectrometry. When C3 OMV were extracted with ethyl acetate, the concentrated 347 extracts in methanol revealed a complex mixture of molecules with no apparently 348 dominant species. Further purification was possible by a micro-preparative thin 349 layer chromatography procedure. A UV-positive band was extracted from the 350 plates and demonstrated to have yeast growth inhibitory activity. Analysis of an 351 extracted band by mass spectrometry gave the data shown in Figure 10 . 352
353
Because the TLC purification was performed in a strongly basic solvent, it was 354 expected that negative ion products might be prominent in the analysis. In the 355 negative ion mode, a prominent peak was observed at 509 m/z possibly 356 consistent with alteramide B with a smaller peak at 511 possibly consistent with 357 dihydromaltophilin (arrows, see discussion). A series of peaks is also seen in the 358 range of 1332 and 1596 m/z. These groups of peaks appear to have multiplets 359 separated by mass units of 14, the mass of CH 2 units. 360
361
In the positive ion scans, some of the same peaks can be observed but 362 apparently as disodium forms of the negative ions. For instance, peaks at 555 363 and 558 may correspond to peaks at 509 and 512 in the negative ion scans (data 364 not shown). The potential identities of these compounds are discussed further 365 below. 366
Discussion:
The existence of extracellular bacterial vesicles has been known for some time 368 (8). But the identification of OMV as a potential part of the antifungal biocontrol 369 activity of C3 fits a body of recent research elucidating the importance of OMV 370 production as an extracellular mechanism of delivery of active molecules to host 371 cells (12-24). Therefore, a role for OMV in the action of Lysobacter species fits 372 an emerging paradigm in the field. The OMV identified here have some expected 373 characteristics. For instance the ratio of LPS/protein in these preparations is 374 particularly telling. The value observed for C3 (0.11 g/g) falls within a calculated 375 range based on geometry and size (see Methods), and is also consistent with 376 other measurements of this ratio in other OMV. For instance OMV from 377
Neisseria and Vibrio have been reported to have a ratio of 0.06-0.08 and 0.08-378 0.09 (29,30), respectively. These relatively low ratios suggest that large amounts 379 of protein are encapsulated in the interior or located on the surface of OMV. The 380 apparent encapsulation of a substantial amount of chitinase activity in the interior 381 of C3 OMV is consistent with this speculation. 382 383 OMV can act as long distance mediators of antifungal activity that would allow 384 the bacterial cells to avoid fungal defenses while exerting a toxic effect on the 385 target. However, the ability of C3 OMV to reach and deliver associated molecules 386 to fungal cells brings up other questions. Specifically, the cell wall of fungi may 387 be expected to inhibit the contact and transfer of molecules from vesicles. It 388 cannot be fully ruled out that there is a mechanism by which the OMV can disrupt 389 the cell wall. Our data with proteinase K digestion of OMV suggests that at least some portion of chitinase activity is located on the outside of the OMV, perhaps 391 on the surface where it could mediate cell wall digestion. However, heat 392 treatment, which destroyed chitinase activity and may do the same for other 393 enzymes, did not affect the ability of OMV to deliver antibiotic activity under the 394 exist. However, it is unclear when OMV would be released and how they might 405 be directed to host cells, unless there is a mechanism of preferential binding. 406
Previous data with other species have suggested that OMV can prime host cells 407 for bacterial binding, which could apply in this case (33). Furthermore, it cannot 408 be ruled out at this point that the observed production of OMV is really the 409 consequence of a different mechanism of attack of the host cell that simply 410 manifests as vesiculation of Lysobacter cells in broth culture. For instance, outer 411 membrane bulging and protrusion may be a normal event when C3 cells make 412 contact with host fungi without going all the way to vesicle production. particular active molecule, the results strongly suggest two particular molecules. 416
Alteramide B is the only C3 antifungal product specifically shown to possess 417 significant activity against S. cerevisiae in previous work (6) . The observed 418 negative ion m/z of 509 is consistent with a single proton extraction from 419 alteramide B. Therefore it is a likely candidate as an active molecule in these 420 OMV. A small peak was also observed in the negative ion scan at 511 m/z. This 421 species could be dihydromaltophilin, which has a molar mass of 512 in its 422 that the antifungal molecules are associated with OMV suggests that strategies 443 to increase OMV production may also enhance antibiotic yields. On the other 444 hand, the fact that the HSAFmutant still produces OMV, suggests that OMV and 445 antibiotic production may not be tightly coupled. Further investigation would be 446 needed to understand this point. In addition, the actual means of association of 447 the antibiotic molecules with OMV membranes requires more study. One key 448 parameter to understand is whether these antibiotics associate directly with the 449 lipid bilayer of OMV as suggested for quorum signaling molecules (13) or with a been deleted by mutation. OMV were obtained from one of two media, 10% 463 tryptic soy broth or minimal medium (MM). The latter is based on the medium 464 used previously to obtain OMV from Lysobacter sp. XL1 (23). In some cases, 465
MM was supplemented with 1% colloidal chitin. After overnight growth in one of 466 these media, bacterial cells were removed by centrifugation of at 20,000 x g for 467 20 minutes (23). The remaining supernatants were either used directly for 468 solvent extractions (see below) or processed to obtain OMV as follows. 469 470 OMV preparation from cell-free supernatants were performed either by direct 471 ultracentrifugation at 29,000 rpm for 2 hour (Beckman SW40Ti swinging bucket 472 rotor; ~140,000 x g, t/k-factor ≈ 0.88 min-rpm 2 ), or the supernatants were first 473 ultra-filtered through a 300 kDa cutoff polysulfone membrane (EMD Millipore, 474 Billerica, MA) in a 400 ml stirred cell (Amicon model 8400). Both methods 475 generated a small volume of solid material that was typically resuspended in Tris-476 buffered saline (TBS) and filtered through a 0.45 micron filter to remove any 477 residual whole cells. Resuspension was followed by a smaller volume 478 ultracentrifugation (Beckman AirFuge, A95 rotor, ~140,000 x g, 15 minutes; t/k-479 factor ≈ 1.25 min-rpm 2 ) to obtain a concentrated pellet of OMV. Preparations for 1 hr., followed by washing and resuspension in TBS. Fluorescence 496 measurements were performed in 96 well plates using an Applied Biosystems 497
Cytofuor series 4000 multi-well plate reader. 498 499 Samples for negative stain electron microscopy were prepared by resuspension 500 of a high speed OMV pellet into a buffer of sodium cacodylate containing 2.5% 501 glutaraldehyde for fixation and washed, followed by staining with uranyl formate. 502 YPD medium and incubated for 5.5 hours or overnight at 30°C. The optical 565 density of 100 ul of each culture was diluted to 1 ml of medium was measured at 566 600nm (OD 600). In some cases the assay was modified by direct mixing of 567 OMV and yeast into 200 μL of YPD medium followed by an overnight incubation. 568
Both protocols gave similar results in terms of OMV activity in most cases. OMV 569 from cells grown in 10% TSB showed similar specific activity to those from cells 570 Rutgers University) was initially cultured in YPD liquid medium and then spread 587 onto YPD agar plates. A 4 mm plug from the plate was excised and laid upside 588 down onto the surface of a fresh YPD plate so that hyphae grew from the center 589 of the plate. After sufficient growth, wells were created approximately 5 mm from 590 the edge of the growing mycelia, and samples (50 μL) were loaded into the wells 591 for testing. Growth in the region of the wells was assessed by visual observation. 592
593

OMV binding to yeast cells: 594
DiIC18, as described above, at a ratio of 20 ng per µg of OMV protein with a final 597 ethanol concentration of 0.1% (v/v). This mixture was incubated at 37 C for 1 hr. 598
Labeled OMV were pelleted (140,000 x g) and resuspended in 400 µl TBS. The 599 S30 strain of the yeast Saccharomyces cerevisiae was grown overnight in YPD 600 medium, collected and washed by sedimentation and resuspended in TBS with 601 10 mM glucose. Typically 10 µl of OMV was mixed with 20 µl of yeast cells 602 diluted into 1 ml of TBS with glucose. Association with yeast was measured by 603 incubation at 30 C followed by collection of yeast cells by centrifugation at 4500 604 extract. The extracted band was dissolved in methanol for analysis by 954 electrospray ionization mass spectroscopy as shown above. Arrows highlight 955 peaks at 509.3 and 511.3 m/z (discussed in text). The peak at 863.1 m/z is an 956
artifact that also appears in pure solvent spectra. 957
